ABSTRACT: Photoelectrochemical solar water splitting is a promising approach to convert solar energy into sustainable hydrogen fuel using semiconductor electrodes. Due to their visible light absorption properties, oxynitrides have shown to be attractive photocatalysts for this application. In this study, the influence of the preparation method of CaNbO2N particles on their morphological and optical properties, and thereby their photoelectrochemical performance, is investigated. The best performing CaNbO2N photoanode is produced by ammonolysis of Nb enriched calcium niobium oxide. The enhanced photoactivity arises from an enlarged surface area and superior visible light absorption properties. The photoactivity of this photoanode was further enhanced by photodeposition of Co-Pi co-catalyst and by atomic layer deposition of an Al2O3 overlayer. A photocurrent density of 70 µA.cm -2 at 1.23 V vs RHE was achieved. The observed enhancement of the photoelectrochemical performance after Co-Pi/Al2O3 deposition is the combined effect of the improved kinetics of oxygen evolution due to the Co-Pi co-catalyst and the reduced surface recombination of the photogenerated carriers at the Al2O3 surface layer.
INTRODUCTION
One of the biggest challenges our world is facing today is the increase in the energy demand associated with the shortage of the fossil fuel supplies. This, in addition to the global warming caused by the carbon dioxide produced from fossil fuels, points at the necessity of finding alternative renewable energy resources. As the sun is capable of supplying Earth with an amount of energy per hour which surpasses the annual global energy need, it stands out to be the most appealing choice among all potential renewable energy sources. 1 The intermittent nature of the solar energy has driven many research efforts towards the conversion of the solar energy into storable and transportable forms. 2 The photoelectrochemical (PEC) water splitting into hydrogen and oxygen using semiconductor electrodes is one of the most promising strategies to efficiently harvest and store the solar energy. Within such an approach, photons in the visible light energy range are absorbed by a semiconducting material and used for the creation of electron-hole pairs. The photogenerated electrons and holes migrate to the surface of the semiconductor where they are used to drive the water reduction and oxidation reaction respectively. Unfortunately, to date there is not a single photoactive material available that can fulfill all the requirements for a commercially feasible solar hydrogen production process.
The main bottleneck is that most of the materials that are chemically stable in operating conditions are wide band gap metal oxides, with light absorption limited to the ultraviolet spectral region. 3 Many efforts have been devoted to extend the light absorption to the visible light energy range by tuning the metal oxide band gap by doping or sensitizing with dye molecules. 2 On the other hand, for oxides with narrow band gaps, as Fe2O3 and WO3, the photoactivity is limited by their chemical instability and inappropriate band alignment with water redox potentials. 3 The narrowed band gap of oxynitrides relative to oxides mainly arises from the negative shift of the valence band maximum due to the hybridization of N2p and O2p orbitals.
4-5 Also the energy position of the conduction band minimum can be affected by the N substitution giving a substantial contribution to the narrowing of the band gap. 6 This characteristic makes oxynitrides very promising photocatalysts for water splitting.
The photoactivity of several oxynitrides was investigated. Currently, LaTiO2N, [7] [8] [9] BaTaO2N 10-12 and TaON 2, 13-15 are considered to be the best performing materials. Also Nb-based perovskite oxynitrides are expected to achieve good performance mainly due to their band edge structure, [16] [17] which is particularly favorable for water splitting. Theoretical calculations 18 suggest for example CaNbO2N (CNON) as a very promising photocatalyst. It has been demonstrated that this material is in fact capable of both oxidation and reduction of water in the presence of sacrificial agents. 16 In spite of the good expectations, only a few studies have been conducted so far on this family of oxynitrides which still show inefficient performances. [16] [17] [19] [20] The main drawback associated with Nb-containing oxynitrides is the ease of reduction of Nb, as compared to Ta for instance, during ammonolysis which results in more defects affecting the optical and conducting properties. 19 In general, the performance of a photocatalyst is limited by different factors including: slow kinetics of hole transfer at the semiconductor's surface to the electrolyte, charge-carrier transport losses, low electron−hole separation rates, surface recombination, and corrosion. 21 The problem of recombination losses has been addressed by facilitating the charge separation and transport and the oxygen evolution reaction (OER) kinetics by loading the photocatalyst with well-known water oxidation catalysts, such as IrO2, 14, 22-23 CoOx, 7, 9, [23] [24] [25] and NiOx 23, 26 . IrO2 is one of the most active oxygen evolution co-catalysts, but for large-scale applications co-catalysts consisting of earth-abundant and low-cost elements such as cobalt phosphate (Co-Pi) becomes more appealing. 27 For instance, it was shown that combining La(Ta,Nb)O2N with Co-Pi co-catalyst improves the charge separation and collection of holes produced at the oxynitride surface, which consequently enhanced its photocatalytic activity. 28 The recombination losses can also be lowered by reducing the density of defects which improves the crystal quality. Concerning Nb-based compounds, it was recently reported that an excess of Nb in the preparation of Ba and Sr niobium oxides was beneficial for the crystallinity and thereby the photoactivity of their corresponding oxynitrides. This was explained considering that the Nb-enriched precursor oxides are isostructural to the corresponding oxynitrides, thus no structural changes occur during the ammonolysis process.
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This study provides new insights into the properties and potentials of CNON photoanodes toward solar water splitting. The preparation procedure of the oxynitride is shown to play a key role in determining its PEC performance. We also show here that the photo-assisted deposition of a Co-Pi co-catalyst and the atomic layer deposition (ALD) of a thin passivation layer of Al2O3 significantly enhance the photoactivity.
EXPERIMENTAL SECTION
Synthesis of CaNbO2N Powders. CaNbO2N was prepared by both solid state (SS) and polymerized complex (PC) methods.
For the SS reaction, CaCO3 (Alfa Aesar, 99.0% min.) and Nb2O5 (Merck, 99+%) in stoichiometric amounts were annealed at 1000 o C for 12hrs in the presence of a NaCl flux to prepare the Ca2Nb2O7 oxide precursor. Then, by thermal ammonolysis of the oxide precursor at 800 o C for 24hrs with mixing in between, CaNbO2N-SS was prepared.
For the PC method, the Ca2Nb2O7 oxide precursor was prepared by dissolving stoichiometric amounts of CaCO3 and NbCl5 (ChemPUR, 99+%) in methanol. Then, citric acid (CA) and ethylene glycol (EG) were added with a molar ratio of 1:1:6:2 for Ca:Nb:CA:EG. The solution was left to polymerize at 200 o C overnight. Then, the obtained yellow resin was heated at 400 o C for 2hrs followed by annealing at 650 o C and 800 o C for 2hrs each with grinding in between. CaNbO2N-PC was prepared by ammonolysis of the prepared oxide at 800 o C for 24hrs.
The PC method was also applied for the preparation of Nb-enriched samples CaNbO2N(Nb)-PC by adding excess Nb up to 1:2 ratio of CaCO3:NbCl5 in the initial oxide mixture.
An ammonia flow of 250mL/min was used for the preparation of all the oxynitrides. The ammonolysis temperature and time were optimized in order to have a single phase of the oxynitride; since at lower temperatures the oxide coexist with the oxynitride and at higher temperatures a NbOxNy phase is formed.
Preparation of Photoanodes. The photoanodes were prepared via electrophoretic deposition (EPD) where 40 mg of CaNbO2N powder were mixed with 10 mg of iodine in 50 ml of acetone followed by 1 hour sonication to obtain dispersed CaNbO2N powders. Electrophoretic deposition (EPD) was conducted between two parallel fluorine-doped tin oxide (FTO) substrates (1×2 cm) placed in the CaNbO2N dispersion with a distance of 7 mm under a bias of 20 V for 3 min. CaNbO2N powders were deposited on the negative electrode. A post-necking treatment was done after the deposition of CaNbO2N on the FTO substrates by dropping 30 µL of 10 mM TaCl5 methanol solution on the CaNbO2N photoanodes followed by drying in air. After repeating this cycle three times, the photoanodes were annealed at 300 o C for 30 min in air, followed by a heating cycle under ammonia flow for 1 hour at 450 o C.
The Co-Pi co-catalyst was loaded on the CaNbO2N photoanodes by photodeposition. A solution of 0.5 mM CoCl2 was prepared and 0.1 M potassium phosphate was added to adjust the pH to 7. Afterwards, the sample was dipped in this solution and the Co-Pi co-catalyst was deposited on the CaNbO2N particles under UV-light illumination for 30 min.
Al2O3 and TiO2 overlayers were deposited on the Co-Pi loaded CaNbO2N photoanodes by atomic layer deposition (ALD). For the Al2O3 layer, successive pulses of trimethylaluminum (TMA) and water vapor were performed in a closed chamber at a temperature of 300 o C with nitrogen as a carrier gas. 20 cycles (TMA/N2 purging/water/N2 purging) were applied resulting in a thickness of around 2 nm for the Al2O3 layer. For TiO2 layers (about 2 nm thick as well, as measured by ellipsometry on a silicon wafer piece), the deposition was carried out using a Picosun R-200 tool at 120 o C with 32 sequential pulses of tetrakis(dimethylamino)titanium (TDMAT, 99.999% trace metal basis, Sigma-Aldrich) preheated to 85 °C and water vapor.
Photoelectrochemical (PEC) Measurements. PEC measurements were performed using a three electrode configuration in 0.5 M NaOH (pH=13.0) aqueous solution with the CaNbO2N photoelectrode being used as the working electrode. A coiled Pt wire and Ag/AgCl were used as the counter and the reference electrodes, respectively. The electrolyte was purged with Ar for 1 hour prior to PEC measurements. The photoanodes were irradiated from the front side in all the experiments with a 150 W Xe arc lamp (Newport 66477) equipped with AM 1.5 G filter and with an output intensity of 100 mW.cm -2 calibrated by a photodetector (Gentec-EO).
Characterization. X-ray diffraction (XRD) measurements, conducted by a Bruker-Siemens D500 X-ray Diffractometer, were used to characterize the calcium niobium oxide powders prepared by the solid-state and polymerized-complex routes and their corresponding oxynitrides. The diffuse reflectance of the powders was measured with a Cary 500 Scan UV-Vis-NIR spectrophotometer using an integrating sphere to determine their band gaps. Scanning electron microscopy (SEM) images were obtained with a Zeiss Supra VP55 Scanning Electron Microscope. The surface area was calculated according to the Brunauer-Emmett-Teller (BET) theory by conducting the N2 adsorption-desorption analysis on a Quantachrome Nova 2200 at 77 K. A VG ESCALAB 220iXL spectrometer (Thermo Fischer Scientific) equipped with an Al Kα monochromatic source and a magnetic lens system was used for the X-ray photoelectron spectroscopy (XPS) measurements. Thermogravimetric (TG) measurements were acquired using NETZSCH STA 449C analyzer equipped with PFEIFFER VACUUM ThermoStar mass spectrometer, where aliquots of 20-60 mg of the oxynitride powders were heated in alumina crucibles to 1400 o C with a heating rate of 10 o C /min in 36.8 mL.min -1 synthetic air.
RESULTS AND DISCUSSION
Characterization of CaNbO2N and its oxide precursors. For an efficient PEC water splitting, the optimization of the morphology of the powders is of great importance as it affects the properties of the photocatalyst in terms of active surface area, light absorption, recombination, and charge transfer of the photogenerated carriers. 29 In general, the preparation method affects the morphologies of the resulting oxides and their corresponding oxynitrides. For this purpose, two synthesis routes were used for the preparation of the CNON oxynitrides: the polymerized complex (PC) and solid state (SS) methods. Figure 1a shows the XRD patterns for the different oxides. The oxide prepared by the SS and PC route starting from stoichiometric ratios of Ca and Nb precursors showed the monoclinic Ca2Nb2O7 single phase structure. The PC method was also applied for the preparation of Nb-enriched samples used to probe the effect of the Nb content on the PEC performance. When excess Nb was added in the initial mixture of CaCO3 and NbCl5, the CaNb2O6 orthorhombic columbite structure was obtained.
CNON was then prepared by thermal ammonolysis at 800 o C for 24 hours starting from the Ca2Nb2O7 and CaNb2O6 oxide precursors. Figure 1b shows the XRD patterns of the CNON photoanodes produced from Ca2Nb2O7-SS, Ca2Nb2O7-PC, CaNb2O6-PC denoted as CNON-SS, CNON-PC and CNON(Nb)-PC respectively. For all oxynitrides, the orthorhombic perovskite structure was observed, in good agreement with the ICSD reference data, with no evidence of secondary phases. The structures and lattice parameters of the oxides and oxynitrides are reported in Table S1 .
We note that the addition of niobium did not result in an oxide isostructural to the oxynitride, as one might have expected by comparison with similar materials. However, a clear difference in the morphologies of the Nb-enriched oxide and oxynitride relative to the other samples is visible in the SEM images. As shown in Figure 2a , Ca2Nb2O7-SS is obtained in the form of platelets of few µm in size. After ammonolysis, CNON-SS revealed the same brick-like morphology as its original oxide but with a porous structure (Figure 2b ). The porosity of the oxynitride is attributed to the exchange of three O 2-anions with two N 3-anions during the ammonolysis process. A similar morphology has been reported in many studies for LaTiO2N prepared by the solid state route.
30-31 Figure 2c shows the irregularly shaped Ca2Nb2O7-PC particles with a broad size distribution ranging between 0.1 µm and 4 µm. The nitration of this oxide resulted in large irregular aggregated CNON-PC particles (Figure 2d) . A different morphology was observed for CaNb2O6-PC, the Nb-enriched oxide obtained by PC method. As shown in Figure 2e , highly aggregated foamy particles with sizes ranging from 0.5 µm to 1.5 µm were obtained for this oxide. After ammonolysis, agglomerates of dense particles are observed for CNON(Nb)-PC with very high porosity (Figure 2f ). These agglomerates consist of particles with a small grain size ranging between 50 and 120 nm as shown in Figure S1a . Figure 3 . The absorption spectra of (a) the oxides prepared from the solid state and polymerized complex routes (with and without excess of Nb) and (b) their corresponding oxynitrides. The photograph in (c) shows the colors of the three photoanodes.
The absorbance spectra of the three oxynitrides and their corresponding oxides are presented in Figure 3a and b. It can be seen clearly in Figure 3a that CaNb2O6 has an absorption edge at around 400 nm, more red-shifted compared to Ca2Nb2O7 synthesized by the two other routes. In addition, Ca2Nb2O7-PC shows a higher absorption background above the light absorption edge compared to the other two oxides which might be attributed to an increased number of defects in this oxide. Crystallographic defects create energy states within the energy gap of the materials thus resulting in absorption at energies smaller than the band gap. Other defects that might be present in Ca2Nb2O7-PC are reduced Nb and/or oxygen vacancies which have been shown to increase the background absorption. 17 After ammonolysis, a red shift in the absorbance is observed for CNON-SS and CNON(Nb)-PC compared to their precursor oxides. The band gaps of these CNON samples were determined from the direct transition in the Tauc plots ( Figure S2 ) to be 1.9 and 2.1 eV for CNON-SS and CNON(Nb)-PC, respectively. For CNON-PC, the Tauc plot in Figure S2b shows a pronounced shoulder at around 2.5 eV which can be attributed to defects inherited from the oxide precursor and/or to the reduced Nb species that contribute to the total absorption. Therefore, the band gap of CNON-PC could not be precisely determined. This effect is also responsible of the high background absorbance shown in Figure 3b which makes impossible to determine the absorption onset of CNON-PC. In general for niobates, the easy reduction of Nb 5+ during ammonolysis compared to other metal ions (as Ta  5+ ) 32 leads to the formation of reduced Nb (Nb 3+ and Nb 4+ ) species which causes an increase in the absorbance background. 17 This also explains the observed high absorbance at wavelengths longer than the absorption edge of CNON-SS. Concerning the Nb-enriched oxynitride, the observed lower background absorbance might be due to the different reactivity of the starting oxide (CaNb2O6) with NH3 during ammonolysis compared to Ca2Nb2O7. Indeed, this is confirmed by the dark brown color of CNON-SS and CNON-PC deposited on FTO compared to the yellow-orange color of CNON(Nb)-PC as can be seen in the photograph of Figure 3c . However, from the absorbance measurement, a clear conclusive result about the nitrogen content of the samples couldn't be obtained. Therefore, thermogravimetric (TG) analysis was used to compare the N content of the three different oxynitrides through the change of the mass with respect to temperature.
From the TG measurements shown in Figure 4 , it can be observed that the three oxynitrides were stable up to a temperature of at least 200 o C. At higher temperatures the mass increased sharply due to the uptake of oxygen before decreasing again with the release of nitrogen. This qualitative behavior is in agreement with previous measurements reported in literature. 33 The onset temperature of the oxygen uptake was lower for the Nb enriched oxynitride with respect to the other two samples. The weight gain ∆m after the complete oxidation of the oxynitride can be used to compare the N content of the three oxynitrides. From Figure 4 , it can be clearly seen that the mass gain is more than three times higher for CNON(Nb)-PC compared to CNON-SS and CNON-PC. The mass difference is inversely proportional to the molar masses of the resulting oxides. However, since the difference in the molar masses of CaNb2O6 and Ca2Nb2O7 obtained after TG is not significant, the higher mass difference of CNON(Nb)-PC is attributed to a higher N content than in CNON-SS and CNON-PC. Similar results were observed for La(Ti1-xNbx)O2N where increasing the Nb content lowered the temperature at which oxygen uptake started and increased the N content in the oxynitrides. The difference in morphology between the oxynitride powders, which was observed in the SEM images (Figure 2) , is considered for a better understanding of the obtained photoactivities. The crystallinity of the photocatalysts is one of the major factors affecting the activity. Indeed, higher crystallinity leads to a better separation of the photogenerated charge carriers, thus leading to higher performance. However, CNON(Nb)-PC, which showed the smallest average grain size (lower crystallinity) among the three samples (see Figure 2f and Figure S1 ) exhibited higher photocurrents compared to the nonNb enriched photoanodes with larger grain size. Hence, the photoactivity of CNON seems to be ruled mainly by factors other than crystallinity. In fact, it was reported that for LaTiO2N photoanodes with different morphologies, the surface area had the most important effect on the photoactivity. 30 Thus, the surface area of the oxynitrides fabricated for this study was determined using BET. As shown in Figure 6 , a clear trend was observed between the photocurrent densities of the CNON photoanodes and their BET surface areas. CNON(Nb)-PC had a surface area more than two and six times higher than CNON-SS and CNON-PC, respectively. The larger surface would result in more sites for hole injection into the electrolyte, that is more active sites for oxygen evolution.
Another advantage of the agglomerate structure of CNON(Nb)-PC is the low angle interparticle boundaries which allow the formation of densely packed films that would result in improved electron transfer. For CNON-SS particles, a closely packed film couldn't be formed due to the high angle interparticle boundaries as seen in the SEM image (Figure 2) . One of the main factors to be considered for a rational design of particle-based photoelectrodes is that the particles should assemble into dense films providing large interparticle interface area. 30 This, in addition to the higher surface area, explain the improved performance of CNON(Nb)-PC electrodes compared to the others. In comparison, the low photoactivity of CNON-PC is attributed to the low surface area, and to the large nonporous cuboid particles shape which lead to poor charge transport as a result of its long migration distance.
Beside the morphological features, an important factor that influences the photoactivity of the oxynitride photoanodes is the visible light absorption properties and the N content. As discussed above, the high absorption background of both CNON-SS and CNON-PC shown in Figure 3b , suggests a greater amount of defects for these two oxynitrides compared to CNON(Nb)-PC. The defects act as recombination centers for the photogenerated e --h + pairs, thus reducing the photoactivity of the photoanodes. Additionally, the higher N content of CNON(Nb)-PC measured by TG improves the visible light absorption and thereby increases the PEC performance in comparison to the other two oxynitrides. Indeed, it is expected that better performance could be achieved by optimizing the Nb enrichment in the oxide precursor. The XRD analysis of CNON(Nb)-PC did not show evidence of formation of secondary phases, whose presence may be expected in case that part of the excess Nb is not incorporated in the oxynitride. However, XRD analysis would not detect easily the presence of secondary phases with low crystallinity and/or very small average grain size. It was reported that up to 0.4 molar excess Nb improves PEC performance of BaNbO2N, but for larger quantities of Nb excess the PEC performance decreases and the particle morphology changed showing cracks and the typical features of local segregation and agglomeration which were ascribed to secondary phases formed by the unreacted excess Nb. It was also shown that interestingly the 0.4 molar Nb excess corresponded to the value that resulted in a stoichiometric 1:1 ratio of the Ba and Nb content at the surface of the photoanode. 17 Future studies are planned to identify the optimal level of Nb excess in the synthesis of CNON.
Effect of Co-catalyst and ALD layers on PEC Performance. The slow kinetics of the oxygen evolution and the surface recombination of the photogenerated carriers usually limit the performance of photoanodes used for solar water splitting. 2, [14] [15] 27 To tackle these issues, a co-catalyst is loaded on the semiconductor photoelectrode. The co-catalyst first captures the photogenerated holes thereby reducing the recombination of the photoinduced charge carriers. Then, the oxygen evolution reaction proceeds at the co-catalyst surface.
Among the different co-catalysts used to improve the photoactivity of photoanodes, Co-Pi is advantageous as it can be regenerated during the PEC experiments and also because of the ease of incorporating it into complex morphologies. 35 Several photoanodes, such as WO3, 36 ZnO, 37 α-Fe2O3, [38] [39] and W:BiVO4 35 , showed improved photoactivity when loaded with the Co-Pi co-catalyst. For the present study, Co-Pi was loaded on CNON photoanodes via photodeposition. This method was selected because it allows the deposition of the co-catalyst specifically in the sites where the photogenerated holes are more readily accessible, 37 thus, directly in the most active sites leading to better performance with reduced amount of CoPi. 40 The effect of Co-Pi loading was investigated using the best performing photoanode CNON(Nb)-PC. The photodeposition of Co-Pi was confirmed by SEM images. As clearly seen in Figure S1b , the co-catalyst nanoparticles (with average grain size of 10-15 nm) appeared homogeneously distributed on the CNON(Nb)-PC photoanode. The effect of CoPi on the photoactivity of the CaNbO2N is assessed by comparing the PEC activity of bare CNON(Nb)-PC and CNON(Nb)-PC/Co-Pi photoanodes (Figure 7 ).
The photocurrent was enhanced with the photodeposition of Co-Pi to reach 19 and 25µA.cm -2 at 1.23 and 1.5V vs RHE, respectively. This corresponds to an increment of about 90 and 80% of the photoactivity.
To complete the investigation of the potentials of CNON toward solar water splitting, we also probed the effect of two different passivation layers on the PEC activity. Several studies have shown that overlayers of oxides such as TiO2, [41] [42] Al2O3 [43] [44] [45] [46] and Ga2O3 [47] [48] have beneficial effects on the performance of photoanodes towards solar water splitting. These overlayers passivate the surface of the photoanodes by reducing the average density of surface defects. The surface defects, typically
As can be seen in Figure 7 , the PEC performance of CNON(Nb)-PC/Co-Pi photoanodes remained almost the same after the deposition of TiO2 overlayers with photocurrents of 17 and 24 µA.cm -2 at 1.23 and 1.5 V vs RHE, respectively. Instead, after the deposition of Al2O3 an enhancement in the photocurrent up to 70 and 96 µA.cm -2 at 1.23 and 1.5 V vs RHE was observed. This represents a 7-fold increase in the photocurrent compared to the bare photoanode. A similar observation was reported for hematite photoanodes whereby an increase by a factor of three of the photocurrent was achieved when passivating the surface with an alumina overlayer while no beneficial effect was observed with a TiO2 layer. The improvement of the photocurrent was shown to be due to the passivation of the surface by the Al2O3 layer and not due to a catalytic effect. For CNON(Nb)-PC, a significant surface density of defects, such as for instance oxygen vacancies, acting as recombination sites, may arise from the presence of reduced Nb ions near the surface. The deposition of an alumina overlayer may compensate these vacancies at the surface of the photoanodes. In addition, the alumina layer with more O 2-ions compared to the oxynitride acts as an electron-rich layer which helps repelling of the photogenerated electrons from the surface thus reducing the extent of the surface recombination with holes. 49 The photoelectrochemical stability of CNON photoanodes in NaOH (0.5 M) was studied by measuring the photocurrent at an applied potential of 1.23 V vs RHE for 30 min under illumination. Figure 8a The rapid reduction of the photoactivity of the bare CNON(Nb)-PC photoanode is attributed to photooxidation of CNON, whereby the photogenerated holes promote the oxidation of N 3-to N2. This is a common problem reported for different oxynitrides.
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After the photodeposition of Co-Pi, a decrease of the photocurrent is still observed; that is mainly due to the incomplete coverage of the CNON surface by Co-Pi. However, after the modification of CNON surface withthe TiO2 layer, the photostability improved. The comparison of Figure 7 and 8a show that, though the TiO2 layer did not improve the photocurrent nor reduce the recombination losses, this layer can indeed be used as a protective layer for the oxynitride. The TiO2 coating allowed in fact to achieve and keep a stable value of photocurrent higher than that achieved using only the Co-Pi co-catalyst. Differently, the CNON(Nb)-PC/Co-Pi/Al2O3 photoanode showed remarkably better performance compared to the uncoated sample. The initial photocurrent density was 3 to 4 times higher than that measured for the Co-Pi/TiO2 coated samples. The photocurrent however decreased to a half of the initial value within the first 10 minutes. This effect is mainly due to the dissolution of Al2O3 in the NaOH electrolyte, as confirmed by the XPS analyses shown in Figure S4 .
This observation is in agreement with what one would expect considering the etching properties of alumina reported in literature. 50 In an alkaline solution with pH of 13, a 2 nm thick alumina layer is expected to be dissolved at room temperature in about 3 minutes. Nevertheless, an alumina overlayer was reported to be beneficial also to boost the photoactivity of hematite photoanodes. 46 In that study 1 M NaOH was used as the electrolyte with similar value of pH as in the present investigation, however the alumina overlayers was reported to be sufficiently stable for at least 30 minutes.
For our sample XPS suggests that the beneficial effect of the Al2O3 overlayer is limited by its solubility in the alkaline medium used for this study. However, even though this overlayer dissolved during the PEC measurement, it can be observed in Figure 8a that CNON(Nb)-PC/Co-Pi/Al2O3 still maintained a photoactivity about 50% higher than the CNON(Nb)-PC/Co-Pi photoanode without a passivation layer.
To gain more insights into the observed enhancement of photocurrent density, XPS measurements were conducted to investigate the surface chemistry of the Co-Pi loaded CNON(Nb)-PC photoanodes with and without passivation layer (Figure 8b ). XPS indicates that 1) the as prepared sample had a significant Nb surface enrichment (Ca/Nb = 0.77), 2) the Nb enrichment increased after the deposition of the Al2O3 overlayer (Ca/Nb = 0.48) but 3) the Nb content remained stable after PEC tests (Ca/Nb = 0.53).
The surface Nb enrichment of the as prepared sample is likely to arise from the thermal treatments required for the fabrication of the photoanode which results in the segregation of Nb to the surface. The further enrichment detected after Al2O3 deposition could be due to the additional thermal treatment the sample undergoes during ALD. However, the PEC characterization of samples that underwent the same thermal treatments but without the Al2O3 deposition showed no enhancement of photocurrent. We thus conclude that the Nb surface enrichment is not the reason of the improved performance of CNON(Nb)-PC/Co-Pi/Al2O3. Besides, ascribing the increased PEC performance to Nb segregation would not agree with previous measurements on BaNbO2N 17 showing that a 1:1 Ca/Nb ratio at the surface leads to the highest photoactivity. Actually, as previously pointed out, assuming similar behavior for CNON and BaNbO2N, the XPS measurements reported here suggest that the performance of CNON(Nb)-PC/Co-Pi/Al2O3 could be further improved by optimizing the chemical composition of the surface to reach a 1:1 Ca/Nb ratio.
One alternative possibility to explain the enhanced photoactivity of CNON(Nb)-PC/Co-Pi/Al2O3 is that the presence of the O-rich alumina layer at the surface favors the oxidation of the Nb ions decreasing the amount of Nb 4+ that act as recombination centers. However, also this scenario can be ruled out. Figure S5 in fact shows that the Nb 4+ and Nb 5+ components contribute equally to the Nb 3d XPS spectrum of the photoanodes with and without Al2O3 overlayer.
Finally, we suggest that the observed significant and prolonged improvement of the photocurrent density could be attributed to the increased roughness of the surface after the dissolution of the passivation layer. An increased surface roughness would result in an increased semiconductor/electrolyte interface that would in turn improve the PEC performance of the photoanodes. For instance, it was shown that the leaching of Cr from outermost surface of Fe2O3 modified by a Fe20Cr40Ni40Ox layer increases the surface roughness. 51 To verify this hypothesis, the electrochemical active surface area of the CNON(Nb)-PC/Co-Pi and CNON(Nb)-PC/Co-Pi/Al2O3 after PEC experiments was evaluated. From the change of current in the non-Faradaic region, which corresponds only to the charge and discharge of the electric double layer, with respect to the scan rate, the electrochemical area can be estimated. Cyclic voltammetry (CV) measurements were performed at different scan rates for the two photoanodes. Figure 9 shows the values of current measured from the CV scans versus the scan rate for the CNON(Nb)-PC/Co-Pi with and without Al2O3 overlayer after the stability test shown in Figure 8a .
The slope of the fitted lines corresponds to the total Helmholtz capacitance ( ) of the photoanode:
where , is the specific Helmholtz capacitance (F.cm -2 ) and is the electrochemical active surface area (in cm 2 ). There are no previous reports on the value of , for CNON, however, since this value is the same for both photoanodes, the difference in (slope of the fitted lines in Figure 9 ) can only be due to the change of the surface area. For CNON(Nb)-PC/Co-Pi/Al2O3 the slope of the curve in Figure 9 is 2.3 times higher than that calculated for CNON(Nb)-PC/Co-Pi. This means that after the stability test, the dissolution of Al2O3 results in an increased surface area of the photoanode.
By comparing the photocurrent values for both photoanodes after the potentiostatic measurements shown in Figure 8a , an enhancement in the photocurrent by a factor of 2.8 can be observed for the Al2O3-modified sample.
This enhancement is similar to the estimated increase of the electrochemical active surface area. Therefore, we conclude that even when the Al2O3 overlayer is dissolved, a prolonged photocurrent enhancement is observed mainly due to the increased surface area.
Further studies are required to investigate the use of other overlayer materials and to understand why Al2O3 and TiO2 have different functionalities. 
CONCLUSION
In summary, we showed in this work the first photoelectrochemical water splitting measurements for CaNbO2N (CNON) photoanodes. CNON synthesized from different oxide precursors resulted in different performances of the photoanodes, mainly due to the different morphologies and surface areas. The Nb-enriched oxide resulted in the best performing photoanode, which was further improved by the photodeposition of Co-Pi co-catalyst and the ALD deposition of Al2O3 overlayer. An improved PEC activity of the CNON(Nb)-PC/Co-Pi/Al2O3 photoanode was observed even after the Al2O3 layer was completely dissolved in the alkaline electrolyte. This is attributed to the increased surface roughness of the photoanodes after the dissolution of Al2O3 layer. The modification of CNON(Nb)-PC/Co-Pi photoanodes with an ALD layer of TiO2 didn't result in an enhanced PEC activity; however it improved the stability of the photoanodes.
These results encourage further investigations using other passivation layers for an improved photoactivity and stability of the CNON photoanodes. 
